H uman infertility is a major worldwide health problem for individuals and their partners (1) . Because genetic defects are thought to underlie many of the unexplained pathologies in infertility cases, animal models are expected to provide valuable clues to the underlying defects. More than 200 infertile or subfertile genetic mouse models have already been generated, defining key DNA repair and signaling pathways and other processes involved in mammalian reproduction (2) . Many of these models were generated by targeted disruption of known genes or were fortuitously identified as spontaneously arising mutants. Because of the complexity of reproduction, however, this number almost certainly represents only a small fraction of the genes controlling this process (3) .
To discover new genes in gametogenesis, John Schimenti and colleagues have undertaken an ambitious phenotypebased screen in mice based on chemical mutagenesis of either embryonic stem cells (ethylmethanesulfonate) or whole animals (ethylnitrosourea). In a pilot study, 11 mouse fertility mutants have thus far been generated that affect several different stages of gametogenesis in one or both sexes, including meiosis (4) . In this issue of PNAS, Libby et al. (5) report the positional cloning of the first of the mutant genes, Mei1 (meiosis defective 1). Mei1 is expressed almost exclusively in the gonads, in particular, in the testis of prepubertal and adult males and in the ovary of late embryonic females (i.e., embryonic day 17.5), the time of meiotic prophase. The human MEI1 gene is predicted to encode a protein with 79% identity to the mouse protein, and other vertebrate homologs have also been identified. However, the encoded protein contains no significant homology to previously described proteins, and homologs are not evident in yeast, worms, or flies. Thus, with this forward genetic approach, a novel vertebrate meiosis gene has been identified, highlighting the power of the chemical mutagenesis screen for infertility studies.
Despite being a novel gene, precise characterization of the Mei1 mutant phenotype in relation to that of other mouse meiotic mutants has provided insight into its function (5, 6) . Central to meiosis is recombination between homologous chromosomes resulting in crossover recombinants. In conjunction with sister-chromatid cohesion, crossovers maintain the physical connections between homologs necessary for chromosome congression at the metaphase plate to permit segregation of homologs at the first meiotic division. The events of meiotic recombination, as described for Saccharomyces cerevisiae (7) , are as follows ( Fig. 1) : double-strand breaks (DSBs) are introduced to initiate recombination (step I); 5Ј terminal strands at the DSBs are degraded to yield 3Ј single-stranded tails (step II); the tails invade the intact, homologous chromosome (step III); repair synthesis ensues and double-Holliday junction intermediates are formed (step IV); and resolution results in mature crossover products (step V).
The catalytic activity for DSB formation appears to reside in the Spo11 protein, which presumably acts as a transesterase rather than as an endonuclease ( Fig. 1 , step I) (7). In the mouse, Ϸ250 DSBs are inferred to be introduced by the Spo11 protein (see, e.g., ref. 8). Because there are only Ϸ24 crossovers, most DSBs do not give rise to crossovers but may instead be repaired by recombination without crossing over. DSB formation leads to a DNA damage response, including phosphorylation of histone H2AX (␥H2AX) (9) , and repair of the Spo11-generated DSBs involves the strand invasion proteins Rad51 and Dmc1, which form foci at the DSB sites (Fig. 1, step III) , and other repair proteins (7, 8, 10, 11) .
Spo11 does not act alone, however, because at least nine other proteins are required in S. cerevisiae for DSB formation (Fig. 1, step I) , such that null mutations in any one of those genes confer the same meiotic phenotype as the Spo11 null mutation (7 (12) and mei-P22 in Drosophila melanogaster (13) , are also novel proteins, demonstrating the importance of phenotype-based screens for identifying genes involved in meiotic recombination. Phenotypically, the mouse Mei1 mutant shows striking similarities to Spo11-deficient mice (10, 11) , suggesting that it, too, fails to introduce DSBs into meiotic chromosomes. Notably, in both mutants ␥H2AX staining (Fig. 2) and Rad51 foci are nearly eliminated in early meiotic prophase (5, 9-11), although Rad51 foci can be induced by cisplatin treatment, indicating a defect in DSB formation rather than in focus formation per se. At later stages, i.e., at late zygotene͞early pachytene in spermatocytes, the sex body containing the X and Y chromosomes stains brightly for ␥H2AX in both mutants ( Fig. 2) (ref. 9 and L. Reinholdt and J. Schimenti, personal communication), indicating that this histone modification on the sex body is independent of Spo11-generated DSBs (9) . The similarity of the phenotypes suggests that Mei1 assists Spo11 in DSB formation, possibly as an ortholog to one of the yeast DSB formation genes; alternatively, it may have a new function that arose during vertebrate evolution.
The apparent lack of DSB formation and subsequent impairment of meiotic recombination in both the Spo11 and Mei1 mutants leads to meiotic catastrophe and subsequent germ cell loss, although the response is sexually dimorphic (6, 10, 11) . In both sexes, meiotic chromosome structures begin to assemble normally as evidenced by deposition of Scp3 into axial elements, but homologous chromosomes fail to synapse properly (e.g., Fig. 2) . In males, an immediate apoptotic loss is seen at the late zygotene͞early pachytene stages. In females, oocytes can progress further to form follicles, although they are profoundly defective in chromosome congression at the metaphase I spindle, such that a normal division cannot be completed (ref. 6 and M. Di Giacomo, F.
Baudat, S. Keeney, and M.J., unpublished results).
As well as mutants in DSB formation, other meiotic mutants have been generated in the mouse that affect downstream steps in recombination. Like Spo11, several of the genes have been identified based on their homology to yeast genes involved in the process (e.g., Dmc1) (7). In other cases, meiotic roles have been found for genes originally identified to have roles in mitotic recombination in mammalian cells. Examples of the latter include Brca1 and Brca2 (14) . In Brca1 and Brca2 hypomorphic mutants, DSBs are introduced by Spo11 as gauged by ␥H2AX staining, but subsequent steps are defective as evidenced by impaired recruitment of Rad51 into foci (15, 16) .
Genes with roles in meiotic recombination will likely continue to be identified through homology searches or through their role in mitotic recombination. Nevertheless, the phenotype-based screen that led to the discovery of Mei1 is particularly suited for the identification of novel meiosis-specific genes that have little homology to genes in other organisms because of sequence divergence or the evolution of vertebrate-specific functions. This approach will likely be valuable for the identification of novel genes involved in other aspects of gametogenesis as well. The emerging application of gene profiling to germ cells by using microarray technology is also expected to lead to the discovery of mammalian genes involved in gametogenesis (see refs. 3, 17, and 18 and references therein). Once the phenotype-based screen is expanded it will be interesting to determine what percentage of genes are novel and which were identified through other approaches, to gauge the degree of saturation achieved by the various approaches. Importantly for human infertility, in individuals where the precise characterization of the cellular and chromosomal defects in germ cells is feasible, it may be possible in the future to discern the underlying genetic defect by using the growing catalog of mouse mutants. Chromosomes from Spo11 Ϫ/Ϫ spermatocytes are nearly devoid of ␥H2AX staining (green), except in the brightly staining sex body that contains the sex chromosomes. Spermatocytes at different stages of meiotic progression are shown. In leptotene (L), short stretches of axial elements of the synaptonemal complex are formed as evidenced by Scp3 staining (red). In the Spo11 mutant, little ␥H2AX staining is apparent, such that nuclei are faint. Wild-type (WT) spermatocytes are usually strongly stained for ␥H2AX at this stage as a result of DSB formation (e.g., see figure 6D in ref. 5) . Nuclei that proceed to zygotene (Z) have longer axial elements that are readily visible with Scp3 staining; ␥H2AX staining is only rarely seen in the Spo11 mutant, as shown. WT spermatocytes experience a decline of ␥H2AX staining at zygotene, as DSBs begin to be repaired (data not shown). At late zygotene and early pachytene (EP), the sex chromosomes stain heavily for ␥H2AX in both mutant (as shown) and WT nuclei (data not shown), whereas the autosomes do not stain. WT pachytene nuclei have complete synapsis of homologous chromosomes (data not shown), whereas full synapsis is never achieved in the Spo11 mutant (see refs. 10 and 11). (Magnification: ϫ400.)
